1 Abstract-Within the research activities, the realization team did the complete development of the annealing unit with the aid of modern technology and components, such as the programmable logic controller, industrial PC, and microcontrollers, to secure an intelligent way of switching the power semiconductor switches (SSR relays) with regard to minimizing the low frequency conducted disturbances. The annealing unit has the implemented algorithm for two ways of output power control, i.e. phase control and full wave control. The algorithm of the full wave control is designed in a way so as to arrange the balanced power in the load. By using this way of control, the harmonic emission is almost entirely eliminated, but the influence of the flicker effect will surface.
I. INTRODUCTION
Due to the fact that annealing process is not a common issue, there is a limited amount of manufacturers involved in the development and production of the annealing units. From the available annealing units, which are on the market, no one fulfils all requirements the users would appreciate. The development of the smart annealing unit was not only focused on the mitigation of disturbance to the supply system, but mainly for the precise and flawless run of the annealing cycle. For this reason, it was necessary to add many diagnostic sensors and algorithms, to provide some intelligence. Using the visualization, the operation is informed in detail about all essential activities. Unlike the competitive annealing units this annealing unit is unique in the fact that best features from various products are all implemented here. The accuracy of the annealing process reaches maximum ±2 °C in the temperature range -20°C up to 1250 °C. The output heating sections of the annealing unit are short-circuit proof, and are able to disconnect the fault within 10 ms. It is also capable of detecting a disconnected heating element, thermoelement, communication error and other failures. The great asset is the ability of processing the measured data and storing them for later displaying the annealing process. It is also able to communicate using Ethernet, send an email or SMS message and notify the operator about various failures in time. The competitive units are not equipped with user comfort functions, and thus, this annealing unit will be a big competitor on the market.
The development and modernization of the unit was executed within several stages [1] for the company Svarservis, Ltd [2] . The newly developed way of control the annealing cycle, and thereby, reaching the continuous regulation of the thermal power into the heating element is introduced in this article. The developed algorithm ensures smooth current regulation so that the most accurate follow up of the required temperature within the whole annealing cycle is achieved. There was a measurement of the low frequency conducted disturbance performed on the built prototype of the annealing unit. Subsequently, the assessment for different control modes has been made.
II. MAIN CONTROL ALGORITHM OF THE ANNEALING PROCESS
The control units capable of continuous current regulation into heating elements have been developed for smooth regulation of the heating power. The main task of the control units is to produce suitable algorithm for switching the power semiconductor switches (SSR), based on the measured current values and control commands from the superior PLC. The switching of the load is realized via the output power SSR relays, and is executed either by using the phase-control algorithm, or by using the full-wave control algorithm. The prioritized algorithm is the full-wave control, provided that magnitude of load current does not exceed 200 A. This means that the load current reaches 65 A in the time of 8.7 ms after the last voltage zero crossing. Three testing impulses are applied before the initial activation for the reason aforementioned. In the time of 8.4 ms, the SSR relay is closed, and the actual current value is acquired in the time of 8.7 ms after the last voltage zero crossing. If the value of the first tested impulse current exceeds 65 A, the next testing impulse is not applied, and the phase-control algorithm is directly selected immediately (Fig. 1) . On condition that the measured instantaneous current value is lower than 65 A for the second and third testing impulse, the full-wave control is selected (Fig. 2) . This adaptive choice of the control mode enables the connection of various resistance loads. The full wave control algorithm has the capability to apply 32 various combinations of half wave switching within the control period of 320 ms. This is the way of regulating the requested energy at the output, and thus, the controlled temperature of the heating element. The possibility of continuous current regulation is utilized for the newly developed annealing algorithm, which controls the temperature of heating elements in accordance with the requested values.
Due to the use of various sizes and material types, the new algorithm will be able to adjust the parameters with respect to material changes, as different material volumes need different time constants for control. They also have various ratios of thermal mass inertia. The block diagram of this newly developed control algorithm is shown in Fig. 3 . The basic input quantities into the control algorithm are the required annealing temperature req and the actual annealing temperature act. The derivation of the required and actual temperature by time is performed and the difference of the derivation Δd acts as the main response for the current regulation. By using this value, the correct direction of the temperature change is kept. In order to prevent the deviation of the actual temperature act from the required temperature req, the subsequent adjustment based on subtraction of the both temperatures Δ is executed. There is a limiting element at the output, keeping the current above the minimum and below the maximum given boundary. The resultant current value Icontrol which has been calculated by the described technique is directly used as control variable for annealing unit current regulation. The moving average is subsequently calculated from the resultant current value Icontrol. The value of the current moving average IAVG acts as the input value for current calculation in the upcoming control cycle.
The origin of this algorithm was very demanding, and several different solutions preceded it. The resultant algorithm was tuned by experimental measurements, and is designed so as to assure the required temperature image during the whole process of the annealing cycle.
The temperature sequence of the annealing cycle for annealing the weld in the light-walled tube is shown in Fig. 4 . The actual temperature waveform which overlaps the requested waveform may be seen there. Further, the real annealing current generated by control algorithm is also displayed here. The temperature sequence of the annealing cycle for annealing the weld in the thick-walled tube is shown in Similarly, the actual temperature value generated by the newly developed algorithm requirement is seen there also.
III. LOW FREQUENCY DISTURBANCE FOR INTRODUCED CONTROL ALGORITHMS
Two possible control algorithms were introduced. Both the algorithms were investigated with regards to possible EMC problems by connecting the annealing unit to public low voltage supply systems.
The full wave control with the designed switching period equal to 320 ms will have an impact to the low voltage fluctuations and the flicker [3] , [4] , while the phase control will have an impact to harmonic current emission [5] and should be considered as the unbalanced three-phase equipment.
Generally, the connection of the annealing unit to public low voltage supply system is possible in the following conditions:
 relevant EMC standard requirements [3] - [5] are met, or  minimum network impedance or RSC will be stated by the manufacturer, or  the approval of the distribution network operator (DNO) or user is necessary [3] . With respect to flicker, the reference network impedance is set to 0.15 + j0.15 Ω for three-phase equipment, which refers to network three phase symmetrical short-circuit current of approx. 1.1 kA (SQ = 748 kVA).
The nominal output is 48 kVA for all six sections in service, which is necessary for statement of RSCE when assessing the harmonic current limits.
As the annealing unit is planned to operate in rural areas, where the typical network impedance is close to reference network impedance, so the minimum network impedance restriction is not feasible, moreover, the prospected end-user is seldom capable to measure and assess the network impedance at the point of connection. The approval of DNO may also be omitted by the end-user.
For the first assessment the model of annealing unit with three sections in service in EMTP-ATP software was created. The model is shown in Fig. 6 and uses TACS Pulse sources for triggering triac models. The transformer data are identical to 400/84 V, 48 kVA Y-Y transformer.
A. Flicker Effect
Reference [6] shows the algorithm for functional and design specifications of flicker meters, which may be used for exact assessment of instantaneous flicker. This algorithm is complex and not necessary for the quick approximate assessment. As the annealing process may take several hours, with the same heating element connected then by calculation and simulation of the instantaneous flicker Pinst, the first evaluation may be obtained from the simulated and calculated values of Pins.
The voltage changes are solely of rectangular shapes for the full-wave control and thus, there are simplified approaches which may be used.
The analytic method shown in [4] , which respects the duration of the voltage changes, is not applicable, if the time between the end of one voltage change and the beginning of the other voltage change is shorter than 1 s. For shorter periods the only applicable is the curve shown in Fig. 7 showing the limit voltage drops, but not taking into account the voltage drop duration (so called shape factor F). Reference [7] shows the algorithm for more precise calculation of the PST taking into account both relative voltage change and number of voltage changes per minute, but also the shape factor which respects the duration of the voltage change for rectangular voltage changes even for periods shorter than 1 s. The short time flicker PST may be obtained as follows
where d is the relative voltage change, dPst = 1 is the limit voltage drop for rect. voltage changes and F is the shape factor (Fig. 8) .
The approximate numerical assessment of voltage drops for one phase and three phase equipment may be for lagging current (inductive) load be expressed as
and the relative voltage change is then given be expression Fig. 8 . Shape factor for pulse and ramp changes, shown in [7] .
In fact, due to phase to the phase connection, there are twice as many voltage drops as the switching period caused by conducting the current from phase U to phase V by triac A and from phase W to U by triac C.
The firing impulses into three triacs are delayed by 106.66 ms and 213.33 ms to achieve maximum balance in the network current. Moreover, the current drawn from the supply system, as a result of phase to phase voltage is not in phase with phase voltage, but it either lags the voltage by 30 degrees or it leads the voltage by 30 degrees.
As a result, the two voltage drops within one period are not of the same magnitude. For the leading current the individual elements in (2) subtract. As the simplified approach applied by [7] and described in (1) The Pst is not possible to assess in the simplified way, due to step voltage changes. The Pst limits were possible to assess by aforementioned approach for pulse duration below 100 ms and over 220 ms, as for pulse width between 100 ms and 220 ms, there is an overlap of conducting valves, leading to two steps in network current, and thus, two voltage changes. It may be concluded that the values of Pst will be even worse. The expected Pst is between the upper and lower limit. As a conclusion even for 10.5 kW of heating power the short time flicker will be exceeded, and thus, apart from the difficulties with control loop, this full-wave control is not suitable for direct connection to the distribution network.
B. Harmonic Current Emission for Phase Control
The numerical simulation of the annealing unit with three sections, with maximum section current of approx. 96 A for phase control was performed.
The maximum input current in this case reaches approx. 35 A (24 kVA). With all six sections in service, the input current would reach 70 A (48 kVA).
The EN 61000-3-12:2011 covers these types of equipment. As the waveforms of load currents in each section do not have the identical shapes, and are connected between phases, the requirements for hybrid equipment apply. The permissible harmonic currents applicable to this equipment are shown in Table II , if the connection to the supply low voltage is required. As aforementioned, the symmetrical short-circuit power in rural areas is low, only the first row with RSCE = 33 ohms applies.
The simulation results for firing angle between 18 degrees and 153 degrees are shown in Table III . It is obvious, that for firing angle above 36 degrees the limits will be exceeded. The amount of deformed current and deformed power depending on firing angle is shown in Table IV . 
C. Assessment and Designed Solution
The numerical simulation of annealing unit with three section Both the control algorithm faces the problem with EMC for this particular equipment connected to public low voltage supply system. Unlike of the flicker, which is generally more difficult to suppress, the phase controlled equipment is possible to equip with active filter. For the active filter, which is capable of smoothing the line voltage, the most convenient place is the transformer secondary terminals, where the distortion of supply voltage is supposed to be the highest. This requires only the deform power to be covered. However, the currents are due to lower voltages higher by the transformer ratio. Besides, the value of 84 V AC is not the standard voltage level, so the solution excludes commercially available filters [8] - [10] .
IV. EXPERIMENTAL MEASUREMENTS
The measurement was performed on the prototype of the annealing unit,. For the basic parameters assessment, see Fig. 12 . The measurement was carried out using the network quality analyser BK-ELCOM, type ENA 330.11, produced by ELCOM a.s. For the reason of mutual comparison of the low frequency emission disturbances, the measurement was carried out for both full wave and phase control algorithms. The measurement was made on one section with output parameters -the nominal voltage of 80 V a.c., and load current of 30 A a.c. By mutual comparison of the measurement results, the small distortion of the supply network is observed, namely in the THDu parameter, which is caused by the low short circuit network impedance. By means of the phase control, the observed total harmonic distortion of the low voltage network was THDU = 2,34 %, as seen in Fig. 13. Fig. 14 shows the total harmonic distortion of the low voltage network THDU = 1,74 %. The measured waveforms of the phase voltages and line currents for both ways of control are shown in Fig. 15 and Fig. 16 . 
V. CONCLUSIONS
The whole development of the annealing unit was carried out with respect to achieve the best annealing process parameters and maximum reliability as well as to minimize the disturbing effects to supply network. Newly developed Smart Annealing Unit reaches outstanding results in the annealing process. The deviation of real temperature and its required value is lower than ±2 °C in the temperature range -20°C up to 1250 °C. It also has the high user comfort and is able to detect and eliminate human errors. Besides the annealing cycle, the operator only enters the value of the maximum permitted current and the whole regulation is performed adaptively. The annealing unit is short-circuit proof; it is able to detect disconnected thermoelement, disconnected heating element and other failures. It also capable to of sending email or SMS messages in case of service request. The competitive units are not able to analyse these failures and notify the operator in time. The experimental measurement carried out on the annealing unit prototype and its analyses show that in case of full-wave control, the production of harmonic current can be suppressed. Using this way of control, the flicker effect is observed, the severity of which depends on short-circuit ratio of the supply network in the point of connection. The use of phase control does not meet the requirements of EMC standards. This problem can be solved by using the active harmonic filter.
